To eludicate the role in conformational stability of Cys residues buried in the interior of a protein, the thermodynamic properties of denaturation of mutant a subunit of Escherichia coli tryptophan synthase, in which Ser, Ala, Val or Gly was substituted for each of the three Cys residues, were analyzed using calorimetry. The mutants were less stable than the wild type, indicating that Cys residues contribute greatly to the stability of the a subunit In most cases, a large decrease in denaturation enthalpy was observed, compensated for by the denaturation entropy to a major extent The extent of changes in the denaturation Gibbs energy and denaturation enthalpy varied greatly depending on both substituting residues and positions. Of all the mutant proteins, the Cysl54Ser mutant showed the greatest decrease in denaturation enthalpy; its denaturation enthalpy was half that of the wild type, and was considerably repaired by adding a ligand of the a subunit Because the enthalpy of ligand binding to Cysl54Ser in the native state did not change, it seems that the decrease in the denaturation enthalpy of Cysl54Ser and its recovery by ligand binding are caused by conformational changes in the denatured state due to the mutation.
Introduction
On the basis of recent developments in araino acid substitution techniques, a number of experiments using mutant proteins have been done to confirm proposed mechanisms of protein stability. For example, disulfide bonds and proline residues are thought to contribute to protein stability by decreasing entropy in the denatured state. Some experiments have supported this idea, but others have not agreed (Perry and Wetzel, 1984, 1986; Matthews et al, 1987; Villafranca et al, 1987; Alber et al, 1988; Wetzel et al, 1988; Matsumura et al, 1989a,b; Mitchinson and Wells, 1989; Kanaya et al, 1991; Yutani et al, 1991; Herning et al, 1992; Kuroki et al, 1992a; Nicholson et al, 1992) . These results have revealed that the factors determining the effect of mutations on the overall stability of a protein are complex, and depend on the features of both the substituting residue and the structure (Sturtevant, 1994) . To elucidate the relationship between amino acid sequence and protein stability, many basic studies on mutant proteins with systematic and comprehensive substitutions will be required.
Cys residues are known to have great effects on protein folding and conformational stability due to the formation of disulfide bonds (Perry and Wetzel, 1984, 1986; Villafranca et al, 1987; Wetzel et al, 1988; Matsumura et al, 1989a,b al, 1992a) . However, the role of free Cys residues in protein stability has not been investigated systematically. Cys is the most thoroughly buried amino acid, even as the free SH form, although from its chemistry it is expected to be neutral or only mildly hydrophobic (Richardson and Richardson, 1989; Lesser and Rose, 1990) .
The a subunit of Escherichia coli tryptophan synthase has three Cys residues (Cys81, 118 and 154). In the X-ray structure of the tryptophan synthase complex from Salmonella typhimurium, which has a sequence highly similar to that of E.coli, Cys81, 118 and 154 are found in helix 2, helix 3 and strand 5, respectively (Hyde et al, 1988) . All of these Cys residues are located in buried, hydrophobic parts of the native structure, and do not participate in the disulfide bridge or ligand binding. In this study, each of these Cys residues of the E.coli a subunit was substituted with Ser, Ala, Val or Gly, which differ in both structure and hydrophobicity. The contribution of these substitutions to protein stability was investigated by calorimetric measurements. The results showed that all of these substitutions decreased the stability of the a subunit; in most cases the destabilization was due to a notable decrease in denaturation enthalpy (Af/d). We will discuss below the roles of free Cys buried in the hydrophobic interior in conformational stability.
Materials and methods

Materials
Wild type and mutant a subunits. Ten mutant a subunits of E.coli tryptophan synthase, which were substituted with Ser, Gly, Ala or Val at each Cys residue (Cys81, Cysl 18 or Cys 154) were obtained by site-directed mutagenesis using synthetic oligonucleotides as described (Yutani et al, 1991) . The mutants having Ser or Gly in place of each Cys residue were constructed using DNA encoding the wild type a subunit as templates. The Ala and Val mutants were constructed using DNA encoding Ser and Ala mutant a subunits at each Cys residue as template, respectively. The expression levels of Cys81Ser, Cys81Val and Cysl54Ser were lower than those of the others. The low expression in the case of Cys81Ser and Cysl54Ser was consistent with the case of S. typhimurium Ser mutants reported earlier (Ahmed et al, 1988) . The wild type and mutant a subunits were purified as described (Yutani et al, 1987) . lndole 3-propanol phosphate. A substrate analog of the a subunit, indole propanol phosphate (IPP), was synthesized by the method of Kirschner et al (1975) at Wako Pure Chemical Industry and was confirmed to have the same inhibitory effects on catalysis as in a previous report (Ogasahara et al, 1992) .
Methods
Protein concentration. Protein concentrations of the wild type and mutant a subunits were estimated from the absorbance at 278.5 nm, assuming that E^g" = 4.4 (Adachi et al, 1974; Ogasahara et al, 1980) .
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Calorimetric measurement of the stability of the mutant a subunits. Differential scanning calorimetry (DSC) measurements were carried out with a DASM-4 at a scan rate of 1.0°/min under excess pressure of 2.0 atm. Protein concentrations used were 0.8-2.0 mg/ml. The solution was dialyzed with an Amicon YM10 membrane against 1 mM sodium tetraborate buffer containing 1 mM EDTA. The pH values of the samples were adjusted with a small amount of 1 M KOH. The pH values were measured after the calorimetric measurements. The excess heat capacity curve was analyzed using 'Origin' software supplied by Prof. J.F.Brandts.
For DSC measurements of the wild type and Cysl54Ser a subunits in the presence of the IPP ligand, 0.9 ml of the protein solutions prepared as described above and 0.1 ml of IPP (dissolved in the same buffer) were combined. The final molar concentration of IPP was about 20 times that of the a subunit.
Calorimetric measurement of the binding of the a subunit to IPP. Apparent binding constants and binding enthalpies for the binding of the a subunit to IPP were determined using an OMEGA titration calorimeter (MicroCal Inc., Northampton Mass. USA; Wiseman et al, 1989) . The concentration of the a subunit was about 0.05-0.10 mM in 20 mM Tris-HCl buffer (pH 7.8). The solution of proteins in the cell was titrated witii the IPP solution until a 5-to 6-fold excess of ligand was obtained by 40 injections.
Circular dichroism measurement. Circular dichroism (CD) spectra were measured with a JASCO J-720 spectropolarimeter in cells of 1 cm or 0.09 mm pathlengths for near or far UV regions, respectively, at room temperature. The protein concentrations used were about 1 mg/ml in 10 mM potassium phosphate buffer (pH 7). A mean residue weight of 107.5 was used to calculate the molar ellipticity per residue.
Results and discussion
Calorimetric studies of the stability of Cys mutant a subunits
In order to evaluate the contribution to stability of the various substitutions at each of the three Cys residues, we carried out DSC measurements at various pHs and determined the thermodynamic parameters for denaturation of the mutants. Typical excess heat capacity curves of the wild type and Cysl54Ser mutant a subunits are shown in Figure 1 . All of the mutants gave heat capacity curves with a single peak like the wild type. The reversibilities of the thermal denaturation of the mutants were checked by reheating immediately after cooling from the first run and were found to be better than the wild type values previously reported (Yutani et al., 1982) . Figure 2 illustrates the pH dependence of the denaturation temperature, T d . All mutants were less stable than the wild type to varying extents, indicating that all of the Cys residues contribute considerably to the conformational stability of the a subunit. The thermodynamic parameters for the denaturation of the wild type and mutant a subunits can be calculated using the following equations:
Temperature ( C) where the denaturation heat capacity change, A^Cp, is assumed to be independent of temperature (Privalov and Khechinashivili, 1974) . The thermodynamic parameters AG d , A// d and A5 d in Table I were compared at 50°C and pH 9, where experimental data could be obtained for all the proteins in order to minimize the effects of errors in A,jCp. The values for the wild type agree with previous results (Yutani et al., 1991) within experimental error. The orders of the contribution to stability of the substitutions (AG d in Table I) were Ser = Gly = Val < Ala < Cys at position 81 and Ser < Val = Ala < Cys at positions 118 and 154. Because all Cys residues are buried in the hydrophobic interior of the structure, we examined the relationship between changes in stability and the hydrophobicity of the substituted residues. The order of the transfer Gibbs energies for amino acid residues based on octanol/water distribution measurements by Fauchere and Pliska (1983) and corrected by Sharp et al. (1990) is Val > Cys > Ala > Ser > Gly. Substitutions by the hydrophilic Ser residue resulted in the largest decreases in stabilities at all positions. Mutants with Ala residues had stabilities intermediate between those of the wild type and Ser mutant proteins at all positions. Although Val is more hydrophobic than Cys, substitutions by Val caused destabilization to the ranges between the Ser and Ala mutants at these positions. The Val residue may be too bulky at these positions. At position 81, substitution of Gly, which is small and less hydrophobic, also gave rise to large destabilization. In the case of systematic mutants of the a subunit of tryptophan synthase substituted at the interior position 49, it has been reported that the stability of the proteins is proportional to the hydrophobicity of the substituting residues, and that the strain of core packing also leads to destabilization (Yutani et al., 1987) . The same findings have been confirmed for other proteins, namely T4 phage lysozyme (Matsumura et al., 1988) , barnase (Kellis et al., 1989) , X repressor (Lim and Sauer, 1989) and gene V protein (Sandberg and Terwilliger, 1989) . In the present investigation, the tendency of mutations to cause destabilization seems to be explicable in terms of the hydrophobicity and steric hindrance of the substituting residues. However, the denaturation enthalpy, A// d , and denaturation entropy, AS d , 20.1 ± 1.7 21.0 ± 6.7 28.5 ± 8.4 17.2 ± 3.4 18.0 ± 5.0 9.6 ± 5.4 13.8 ± 1.7 10.1 ± 10.5 14.7 ± 4.6 17.2 ± 1.7 10.9 ± 1.7 15.9 ± 1.7 17.6 ± 1.3
-5.9 -6.6 -2.9 -5.5 -9.5 -5. were affected by the mutations (Table I) . They varied widely, depending on both substituting residue and position.
Large decreases in AHj, compensated for by AS d
As shown in Figure 1 , the peak areas for Cysl54Ser, representing the denaturation molar enthalpies (A//,j), were substantially smaller than those for the wild type. Figure 3 Because these experiments were done at pH 7-10, the ionization effects of each SH group on A// d must be considered. The pK value of an unperturbed SH group is 9.1-9.5 (Tanford, 1962). However, the T d dependence of the wild type A// d was linear throughout the temperature range (Figure 3 ). This suggests that the transition due to the ionization of the SH group was not observed at the pH values examined. Below the examined pH range (i.e. below pH 7.5), the SH group must not be ionized. Therefore, the large decreases in A// d of the mutant proteins should not be the result of removal of the ionization effect of the SH group. Changes in hydration and van der Waals interaction greatly affect the thermodynamic parameters of protein denaturation. The enthalpies of hydration (A//* 15 " 1 ) of amino acid side-chains have been calculated by Makhatadze and Privalov (1993) (Makhatadze and Privalov, 1993) , the values of A/T dw for Cys, Ser, Ala and Val residues are 3.68, 4.62, 7.04 and 12.29 kJ/mol, respectively. If we assume that the Atf* 5 " 1 and the AfT dw of the non-polar part of the residue are the main contributors to the enthalpy of denaturation, the changes in the enthalpy for Cys mutants substituted with Ser, Ala and Val residues will be about -23, 16 and 18 kJ/mol, respectively. The calculated values for substitutions with Ala and Val are positive, contrary to their experimental AAH d . Although the calculated change in the enthalpy for the Ser mutant is negative, the experimental value for Cysl54Ser (AA// d of Cysl54Ser) was much greater than the calculated value, suggesting that other factors affect the enthalpy changes of Cysl54Ser.
As described above, the changes in AG d caused by single mutations could be qualitatively explained by hydrophobicity and steric hindrance. However, calorimetric measurements show that the destabilizations (AGj) come from big changes in A// d and the compensation by TAS d , which are greatly affected by both the substituting residue and the position. The substitutions in the present study that led to similar extents of destabilization (AGj) did not show the same destabilization mechanisms (A// d and AS^). This indicates that if we measure only changes in AG d , these big changes in A// d might be neglected. To elucidate the energetics of protein structures, thermodynamic parameters for denaturation will have to be estimated experimentally and the reason for the changes in each parameter will have to be clarified.
The origin of the large decrease in AHj of Cysl54Ser
The changes in thermodynamic parameters of denaturation observed from calorimetry involve changes in the structures of both the native and the denatured states of a protein. Does the big decrease in AH d of Cysl54Ser depend on changes only in the native state and/or in the denatured state, affected by the mutation? The CD measurements showed that the spectra in the far UV region (190-250 nm) of all mutants were similar to that of the wild type, whereas in the near UV region (250-320 nm) their spectra varied slightly (data not shown). The a subunit of tryptophan synthase has seven Tyr residues. Three Cys residues in the interior of the protein are close to Tyr residues (positions 102, 115, 173 and 175) . The CD measurements indicate that Cys substitutions have subtle effects on the structures around these aromatic residues, but the secondary structures of the protein in the native state are not affected.
One way to investigate quantitatively the change occurring in the native structure of proteins is to compare the thermodynamic parameters for-the binding of a substrate analog to them (Kuroki et al, 1992a,b) . Using IPP, a substrate analog of the a subunit, we examined the conformational changes in the wild type and Cysl54Ser induced by ligand binding by DSC measurements in the presence of IPP ligand and titration calorimetric measurements for ligand binding to the proteins in the native state.
In the presence of IPP ligand, the thermodynamic parameters of denaturation for Cysl54Ser were compared with those of the wild type. As shown in Figure 2 (d), these two proteins were not stabilized by IPP binding at high pH but gradually became more stable with decreasing pH. The optimum pH for catalysis of the a subunit is around 8; therefore, these results suggest that the ligand cannot bind to the protein at a pH far from 8. This effect was the same for both proteins. On the other hand, the values of A// d of die wild type were not affected by the addition of IPP, whereas those of Cysl54Ser were increased by ~80 kj/mol by the addition of IPP (Figure 3d ). This means that the large decrease in AH d contributing to the destabilization of Cysl54Ser was repaired by the binding of IPP to some extent (Table I ; parameters at 50°C, pH 9). The value includes the conformational enthalpy changes in the protein in the native state and/or that in the denatured state.
If significant changes occur in the mutant protein in the native state, the changes should affect the thermodynamic parameters for the binding of substrate analogs such as IPP. To investigate whether the origins of the notable decrease in A// d and the recovery in A// d in the presence of IPP are due to the conformational changes in Cysl54Ser in die native state, the thermodynamic parameters for die binding of IPP to the mutant protein under physiological conditions were measured and compared wim those of the wild type. The raw data for the calorimetric titration of the wild type and Cysl54Ser wim IPP at 35°C and pH 7.8 are shown in the upper panels of Figure 5 . The area for each injection is proportional to the binding heat of the protein with die ligand, plotted in the lower panels. The binding processes of both proteins were exothermic. The binding constant (K b ), the binding enthalpy (A// b ) and the number of bindings (n) can be obtained by analysis of the titration curves. Each protein had n » 1, indicating Uiat these proteins bound to IPP in a 1:1 ratio. The same measurements were performed at 30 and 40 c C. The otiier thermodynamic parameters for binding (AGt, = -RT \nK b and A5 b ) were calculated from the experimental AH b and K b at each temperature and are plotted in Figure 6 . Each of these parameters shows linear dependence on temperature. All of the thermodynamic parameters for binding of Cysl54Ser to IPP were approximately the same as those of the wild type at three temperatures, as shown in Figure 6 . These results suggest that die structure of Cysl54Ser in the native state is similar to mat of the wild type; therefore, the large decrease in A// d of Cysl54Ser may not be caused by changes in the conformation in the native state. On the other hand, our finding mat the A// d values of Cysl54Ser recovered remarkably upon addition of IPP suggests mat the recovery of the AH d value is due to the changes in the conformation of Cysl54Ser in the denatured state.
From extrapolations of the experimental data obtained from calorimetric measurements at the same temperature, we estimated the thermodynamic parameters for IPP binding and denaturation in the absence or presence of IPP at pH 7.8 and 45°C for the wild type and Cysl54Ser. The values of A^Cp used are listed in Table I . The heat capacity changes in IPP binding (AfeCp) are -1.8 and -2.2 kJ/mol for the wild type and Cysl54Ser, respectively, as obtained from the temperature dependence of A^ (Figure 6 ). Assuming the thermodynamic cycles shown in Figure 7 , the parameters for IPP binding to the protein in the denatured state can be calculated from the other parameters. If this assumption is correct, IPP can bind to bom the wild type and Cysl54Ser in the denatured state, almough the values of AG\, in the denatured stae are smaller man mose in the native state. This means that mere are still residual native-like structures in the denatured states. The catalytic activities of Cysl54Ser equivalent to those of the wild type (Hiraga and Yutani, 1996) confirm mat the conformation in the native state and the thermodynamic parameters for ligand binding of Cysl54Ser are identical to those of the wild type. It can be concluded mat the decrease in A// d and its recovery in the presence of IPP for Cysl54Ser come from the change in me conformation in the denatured state due to mutation.
Because a thermodynamic parameter of protein denaturation, A7 d , is defined as J D -J N , where J D and 7 N are the Gibbs energy, endialpy or entropy in the denatured and native states, respectively, we should take into account the energetics of the denatured state as well as mose of me native state (Dill and Shortle, 1991) . The present results indicate mat the changes in die conformation in the denatured state due to mutation could contribute to the overall stability of the protein. Miyazawa and Jernigan (1994) have also proposed the presence of a compact native-like structure in the denatured state of the a subunit from their analysis of the changes in AG d caused by single amino acid substitutions. Several papers have reported diat single amino acid replacements can affect the denatured states of proteins (Shortle and Meeker, 1989; Shortle et al., 1990) . In order to understand the mechanism by which amino acid sequence determines protein folding and stability, it is necessary to determine what diermodynamic parameters (A// d or A5d) are responsible for the changes in stability and which changes in conformation in me native or denatured state are me origin of the changes in the parameters.
Roles of interior free Cys residues in protein stability
The hydrophobicity of me Cys residue as judged by X-ray crystallography of proteins is unexpectedly higher than that determined from odier methods (Richardson and Richardson, 1989; Lesser and Rose, 1990) . For example, according to tiie crystallographic analysis of Lesser and Rose (1990) , Cys is die most hydrophobic of all amino acids. On the other hand, according to some experimental measures (Wolfenden et al., 1981; Fauchere and Pliska, 1983; Shortle et al, 1990) , Cys is neutral or only mildly hydrophobic, which seems reasonable if one looks at its chemistry. Richardson and Richardson (1989) have explained the high tendency of Cys to have buried location as a result of the deleterious effect of having such a reactive group exposed on the surface. This idea, however, cannot explain the fact that the environment surrounding the buried Cys is almost always highly hydrophobic, as these authors pointed out at the same time. Using distance measurements between residues in protein structures, Karlin et al. (1994) have predicted that Cys residues exhibit a tendency to be attracted to virtually all hydrophobic residues even if they are in a free cysteine form (SH form).
In the case studied in this paper, the SH groups of three cysteines were found to be located in the interior of the a subunit, surrounded by hydrophobic residues. Although none of these Cys residues is highly conserved between a subunits from different organisms, there are often hydrophobic residues in the equivalent positions. Our findings that all substitutions at these positions caused destabilization indicate that Cys is a highly (or the most) favorable residue at each of these positions. Karlin et al. (1994) have suggested that the attraction of Cys to the hydrophobic residues might be the result of a combination of steric and hydrophobic effects. The size and hydrophobicity of Cys may be optimum for these positions. Additionally, it was found that substitution of Cys in hydrophobic surroundings affects the conformation in the denatured state. The high probability of buried free Cys residues is concluded to result from not only a negative reason, i.e. the deleterious effect (during evolution) of exposed cysteines, but also a positive reason, that is, Cys is a highly favorable residue in the interior of the protein.
